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Abstract
There are around 30% semi-rigid pavements in the National Spanish Roads Network, being a composition of bituminous layers 
over cement treated layers. Those with more than 20 years in service were constructed with a high percentage of cement. As a result, 
thermal transverse cracks were reflected on the wearing course, which have to be sealed and reinforced periodically.
This research is focused on transverse cracks edges daily and seasonal variation of Load Transfer (LT, %), Relative Deflection
(RD, micrometer/micrometer) and Maximum Deflection (MD, micrometer), of four types of situations: thin cracks (width < 5 mm);
wide cracks (width ı 5 mm); block cracks and fatigue cracks on the wheel-paths. For this purpose, eight sections of roads were 
chosen from thermal zones hot in summer and little rainy but cold in winter. The findings of this study have been the quantification
of the transverse cracks pavement structural state in two scenarios referred as winter and summer conditions.
Firstly, it was proved that the before mentioned structural parameters correlated with temperature. Secondly, these parameters daily 
and seasonal variations were defined. The main findings of this research are:
• MD in semi-rigid pavements is even less than 200 micrometer after more than 20 years in service. Thus, LT and RD turn to be 
the main structural parameters to evaluate pavement bearing capacity close to thermal transverse cracks.
• LT rises with temperature reaching 100% whereas RD decreases reaching almost 1 micrometer/micrometer, as well as, MD goes 
down up to the temperature turning point in which the bituminous layers influence is higher.
* Corresponding author. Tel.: +34 605 109 726; fax: +34 91 597 85 33.
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ЬAfter more than 20 years in service, semi-rigid pavement road stretches could show good pavement structural state (that is, LT > 
80%) measuring at any time in summer condition (average temperature 5 cm below the surface ı 20 °C).
• Crack sides MD measured with pavement temperature close to 20 °C (reference temperature for Spanish standardized deflections) 
in winter condition (average temperature 5 cm below the surface < 20 °C), could also show a good pavement structural state, MD
< 300 micrometer.
• If the worst structural pavement state needs to be evaluated, deflections should be measured on the front side cracks except for 
block shape cracks in winter condition and thinner cracks in both conditions.
• Wide cracks LT experiences the greatest daily variation range among all crack types, from more than 20% to more than 30% in 
winter condition and thin cracks unseat them in summer condition with a daily variation range from almost10% to less than 20%.
• Besides, wide cracks RD daily variation is the highest among all crack types in both conditions, ranging from a decrease of more 
than 0.30 micrometer/micrometer to more than 0.60 micrometer/micrometer in winter condition and half this range of values in 
summer condition.
© 2016The Authors. Published by Elsevier B.V..
Peer-review under responsibility of Road and Bridge Research Institute (IBDiM).
Keywords: Semi-rigid pavement; thermal transverse crack; load transfer; temperature variation; crack type
1. Aim of this research
This research aims to quantify the variation of semi-rigid transverse cracks structural parameters: Load Transfer 
(LT, %), between both crack sides; Relative Deflection (RD, Pm/Pm), ratio of the crack side maximum deflection and 
a center point between cracks maximum deflection; and the Maximum Deflection (MD, Pm) on the crack side. The 
achievements of this study would serve as a valid input for any model that intends to fully reproduce semi-rigid 
pavements deterioration in order to improve maintenance solutions. With steady focus on this goal, the following 
targets need to be materialized:
x to define the behavior of the chosen structural parameters in relation to pavement temperature variation;
x to determine the daily and seasonal variations of these parameters, based on the measurements conducted;
x to delimit the relevance of the crack side in the structural parameters values.
2. Cracks selection
Spanish semi-rigid pavements design has been improved by: pre-cracking the cement-treated layers in order to 
reduce the distance between transverse cracks (<4 m); demanding materials with low thermal expansion coefficients;
and low percentage of cement to limit the range of the crack width to the minimum (<10 mm). As, the thickness of 
bituminous layers on top is so generous in the current regulation, several years passed before transverse cracks appear 
on the surface, if any. But before these improvements were mandatory, a noticeable length of non-pre-cracked semi-
rigid pavements was put in service. Therefore, cracks can be classified as shown in Fig. 1.
Fig. 1. Cracks types classification.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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3. Deflection measurement
Two measurement campaigns have been carried out, in winter and in summer conditions, defined by the daily 
average temperature 5 cm below the surface <20 °C or 20 °C respectively. Measurements were taken during the time 
slots shown in Table 1. For each road section, the outer wheel track of the outer lane was measured with the Falling 
Weight Deflectometer (FWD), see Fig. 2. For each crack, measurements were taken 10 cm from the edges in the 
traffic direction, first on the rear crack side and then on the front one. Afterwards, deflections were measured on an 
un-cracked point in between the cracks, see Fig. 3.
                          Table 1. Measurements time slots.
Time period Morning Noon Afternoon Evening
Winter 
condition
From 8:00 12:00 15:20 19:10
To 10:56 13:20 18:05 20:40
Summer 
condition
From 8:05 11:34 14:45 19:10
To 10:22 13:55 18:30 20:30
Fig. 2. Falling weight deflectometer measuring on the front crack side.
Fig. 3. Transverse cracks and centre points location on road section A (shown as an example).
4. Results
Assuming that the same crack type sections behave alike, parameters values have been considered altogether for 
each slot time. According to the Shapiro–Wilk test, these values were normally distributed. Fig. 4 and Fig. 5 (where 
T, w and s stand for crack type, winter condition and summer condition respectively) show that load transfer increases 
with temperature (from below 60% to over 90% in winter condition and from around 70% to 100% in the summer 
one), whereas relative deflection ratio decreases with temperature (from 2 Pm/Pm down). 
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Fig. 4. Rear crack side (left) and Front crack side (right) Load Transfer measured values.
Fig. 5. Rear crack side (left) and Front crack side (right) Relative Deflection measured values.
Regarding Maximum Deflection, Fig. 6 reflects that two phenomena take place. One in which the maximum 
deflection goes down with temperature and the other in which the opposite occurs. This is explained by the 
predominant influence of bituminous layers when measuring deflections beyond the temperature turning point. 
Fig. 6. Rear crack side (left) and Front crack side (right) Maximum Deflection measured values.
That is, with low temperature the crack has less points of contact, resulting in higher deflection values. As long as 
temperature gets higher crack sides get closer, gaining more points of contact in the cement treated layer and, 
consequently, the maximum deflection goes down until the temperature in which the influence of the bituminous 
layers become predominant and, therefore, higher deflections values are registered. The temperature at which the 
influence of the bituminous layers begin to counteract the effect of the higher number of contact points of the cement 
treated layer has been named “temperature turning point”, see Fig. 7.
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Fig. 7. Maximum Deflection zones of influence.
4.1. Correlations with pavement temperature
From the structural parameter validated values, 50th percentiles were assessed referred to the average temperature 
measured during each slot of time in order to correlate them with pavement temperature. Only correlations with R2 >
0.8 have been represented. It can be observed that Load Transfer on crack types 3 and 4 is less sensitive to temperature 
variations than on crack types 1 and 2, which, in the case of front crack side, perform alike. Besides, it is noticeable 
the load transfer increase in the summer condition, as expected, see Fig. 8.
Fig. 8. Rear crack side (left) and Front crack side (right) Load Transfer correlated variation with temperature.
Maximum deflection correlated values up to the temperature turning point (which is the zone of cement treated 
layers influence limit) show that crack type 1 is the most sensitive to temperature in winter condition, being crack type 
2 for the summer one, see Fig. 9. Besides, summer condition Maximum Deflection low values highlight the cement 
treated layers good structural state.
Fig. 9. Rear crack side (left) and Front crack side (right) Maximum Deflection correlated variation with temperature.
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With regards to Relative Deflection, crack type 2 correlated values are the most sensitive to temperature, followed 
by crack type 1 ones. It is emphasized that even in summer condition Relative Deflection do not get close to 1 except 
for crack type 4, see Fig. 10.
Fig. 10. Rear crack side (left) and Front crack side (right) Relative Deflection correlated variation with temperature.
4.2. Parameters daily variation
Considering the temperature increase during each measurement campaign, the average (with the 95% interval 
confidence) of each parameter maximum and minimum daily variation have been assessed, as show Fig. 11 to Fig. 13, 
in which the spheres size (third number of the label) corresponds to the number of transverse cracks implied in the 
assessments. Only the validated data have been represented. It can be observed in Fig. 11 that crack type 2 shows the 
highest Load Transfer daily variation, around 20 to 30 points, being that of crack type 1 almost double than the crack 
type 3 one and 10 points lower than that of crack type 2. In summer condition crack types Load Transfer daily variation 
is smaller than in winter condition as the lowest Load Transfer values are much higher than in winter condition. 
Fig. 11. Load Transfer daily variation (w: winter condition; s: summer condition).
Relative Deflection daily variation is not only notable for all crack types in winter condition but also pretty high in 
summer condition reflecting the correlation before mentioned with pavement temperature. Crack type 2 is the one 
which suffers the highest variation accordingly with the Load Transfer daily variation; see Fig. 12.
Fig. 12. Relative Deflection daily variation (w: winter condition; s: summer condition).
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With regards to Maximum Deflection, although daily variations may not seem to be significant given the low 
Maximum Deflection values measured during both conditions (winter and summer), proportionally they are as can be 
seen in Fig. 13, where crack type 2 shows again the highest variation.
Fig. 13. Maximum Deflection daily variation (w: winter condition; s: summer condition).
4.3. Parameters seasonal variation
Given that Load Transfer and Relative Deflections are ratios based on deflection, the same correction factors would 
be applied in the numerator and denominator, therefore seasonal variation can be established without this correction.
The average of the maximum and minimum values (with the 95% confidence interval), were obtained for each crack 
type in both conditions, winter and summer. Comparing the winter condition values with the summer ones, ranges of 
seasonal variation were established as the differences between the confidence interval limits, which are shown in Fig. 
14 to Fig. 17. Consistently, crack type 2 suffers the highest seasonal LTmin variation, followed by crack type 1. Both 
experience a similar LTmax seasonal increase, being crack type 3 the less variable of all.
Fig. 14. Maximum Load Transfer seasonal variation.
Fig. 15. Minimum Load Transfer seasonal variation.
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Relative deflection values rise from winter to summer more notably for the highest values (RDmax) than for the 
lowest ones (RDmin), that is, RD in summer condition is higher than in winter condition for all type of cracks, most 
notably for the maximum RD values than for the minimum RD ones.
Fig. 16. Maximum Relative Deflection seasonal variation.
Fig. 17. Minimum Relative Deflection seasonal variation.
4.4. Crack side influence
In order to evaluate crack side influence, only cracks with valid values on both crack sides were considered. The 
average (with the 95% confidence interval) of the differences between the front side and the rear side of the cracks 
can be seen in Fig. 18 and Fig. 19. Only in the case of crack type 1 Load Transfer is always higher when measuring 
deflections on the front side crack than on the rear one. 
Fig. 18. Crack side influence in Load Transfer values.
Regarding Relative Deflection, only for winter condition crack type 4 Relative Deflection values are higher when 
measuring on the front side crack than on the rear one.
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Fig. 19. Crack side influence in Relative Deflection values.
5. Conclusions
Semi-rigid pavements deflections values are quite low compared with those of non-cement treated layers 
pavements, being even less than 200 Pm for road sections that have been in service for more than 20 years. Maximum 
Deflection (MD) values measured with pavement temperature close to 20 ºC (reference temperature for Spanish 
standardized deflections) in winter condition (average temperature 5 cm below the surface <20 °C), also show a good 
pavement structural state, being < 300 Pm. Therefore, Load Transfer (LT) and Relative Deflection ratio (RD) turn to 
be the main structural parameters to be considered in order to evaluate pavement bearing capacity close to thermal 
transverse cracks. 
Load Transfer values rise with temperature reaching 100% even in winter condition whereas Relative Deflection 
ratio decreases reaching almost 1 Pm/Pm, as well as, Maximum Deflection decreases with temperature up to the 
temperature turning point in which the bituminous layers influence is higher than that of the cement treated layers. 
Road sections with semi-rigid pavements that have been in service for more than 20 years, exposed to successive 
positive and negative thermal gradients, located in a zone considered as hot in summer and little rainy all year round, 
could show a good pavement structural condition (that is, LT >80%) when measuring at any time in summer condition 
(average temperature 5 cm below the surface 20 ºC).
The Relative Deflection ratio shows how higher the crack side deflection is than that of the center point in between 
cracks. This ratio could be almost 2 in winter condition for wide cracks (width 5 mm) and for those cracks with 
fatigue cracking on the wheel tracks. For block shape cracks in summer condition this ratio is ~1 Pm/Pm, meaning 
that the bearing capacity is almost the same on the edges of the cracks than on the center point between them.
Contrary to what might be thought, thin cracks (width <5 mm) do not necessarily entail higher Load Transfer values 
than wide ones. Also, fatigue cracks on the right wheel path (comprising unbounded bituminous layers) do not directly 
lead to lower Load Transfer values than the rest of crack types. 
Measuring on the front side of thin cracks leads to higher Load Transfer values, whereas for the rest of crack types 
is the opposite. Therefore, if the worst structural pavement state needs to be evaluated, deflections should be measured 
on the front side cracks except for thinner cracks in both conditions, in which case the rear crack side should be 
measured.
As would be expected, wide cracks Load Transfer values experience the greatest daily variation range among all 
crack types, varying from more than 20% to more than 30% in winter condition. Thin cracks have a summer condition 
daily variation from almost 10% to less than 20%.
Besides, wide cracks have the highest Relative Deflection ratio daily decrease in both type of conditions, ranging 
from a decrease of more than 0.30 Pm/Pm to more than 0.60 Pm/Pm in winter condition and half this range of values 
in summer condition.
6. Next steps
The results of this research correspond to the cracks selection classified according to the typology determined for 
this purpose. Thus, these results would only applied for cracks adjusted to the same characteristics of those used in 
this research. In order to properly characterize the wearing capacity of the semi-rigid pavement cement treated layers, 
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it should be defined the temperature turning points corresponding to each crack type, up to which the influence of 
these layers is higher than that of the bituminous layers. Besides, the studied parameters have shown their suitability 
to determine the structural state of this kind of pavements in the proximity of their thermal transverse cracks. It would 
be the aim of a new research the establishment of a unifying methodology to use these parameters in the analysis to
reinforce semi-rigid pavements.
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